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a b s t r a c t
Environmental archives are useful tools for describing past and current climate variations and they provide
an opportunity to assess the anthropogenic contribution in coastal ecological changes. Along the West African
coast, few studies have focused on such archives in coastal ecosystems. The bloody cockle Senilia senilis, an
intertidal bivalve mollusk species, is widely distributed from Western Sahara to Angola, and has been
harvested by humans over thousands of years. Therefore, this species appears to be a good candidate for
assessing past variations of key environmental parameters such as temperature, primary production, and Saharan dust advection within West African coastal ecosystems. In the present paper, we focused (i) on the
identiﬁcation of growth rhythms of S. senilis shells in Mauritania (Banc d'Arguin), and (ii) on the potential
of these shells as (paleo-)environmental archives. The method we used combined environmental survey,
sclerochronology, and geochemical analyses of aragonite samples. We showed that microgrowth line formation was controlled by a tidal forcing, leading to the formation of two lines per lunar day. Brightness and
thickness of these microgrowth lines progressively decreased from spring to neap tides (fortnightly cycle).
Lunar daily growth rates displayed strong seasonal variations, with highest values (> 300 μm per lunar
day) recorded in summer. The oxygen isotope composition of S. senilis shells (δ18Oaragonite) accurately tracked
seawater temperature seasonal variations, with a precision of 0.8 °C. Finally, we discussed the opportunity to
use Ba:Ca ratio in shells as a proxy for primary production or for Saharan dust transport. We also hypothesized that either Canary Currentvariations or, more probably, massive aerosol transfers from Sahara to the
Atlantic Ocean could control uranium availability in coastal waters and explain the occurrence of U:Ca
peaks within S. senilis shells.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The Banc d'Arguin (Mauritania, West-Africa) is a coastal ecosystem bordering the Sahara desert under the year-round inﬂuence of
the Northwest African upwelling. These nutrient-enriched water
inputs lead to a unique biological system composed of shallow tidal
ﬂats mostly covered by dense seagrass beds known as a crucial migrating and wintering site for over two million waders (Wolff et al.,
1993a). During thousands of years, successive biological communities
faced many environmental modiﬁcations, alternating between wet
climate (with lush tropical forests on the continent and important
river inputs) and dry climate (associated with more elevated temperatures and an increasing inﬂuence of the Sahara desert; Barusseau et
al., 2007; Claussen et al., 1999). Over the past 4000 years, a long desertiﬁcation took hold and continues nowadays, commonly assumed
⁎ Corresponding author. Tel.: +33 2 98 49 86 70; fax: +33 2 98 49 86 45.
E-mail address: romain.lavaud@univ-brest.fr (R. Lavaud).
1385-1101/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.seares.2012.11.003

to be related to the southward migration of the Innertropical Convergence Zone from a maximum summer position (Hanebuth and
Henrich, 2009). Rivers that used to ﬂow into the gulf of the Banc
d'Arguin, carrying both freshwater and nutrients, do not exist
anymore. Combined with rare rainfall (average precipitation at
Nouadhibou is b50 mm.y −1, Brahim, 2004), this gave rise to extreme
conditions that led most human settlements along the coast to be
abandoned (Vernet, 2002, 2007). However the timing of this
climate transition and its impacts on society still vary (Claussen et
al., 1999).
Paleoclimatic studies provide a wealth of information to understand the mechanisms controlling both past and current climatic
systems and to test climate models. Nowadays, they are considered
as useful tools to give a long-term perspective on the recent environmental and climatic changes observed worldwide in comparison with
natural variability. Along the West African coast, some paleoclimatic
studies have been conducted using deep-water sediment cores
collected offshore between Mauritania and Cape Verde, and analyzed
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the stable neodymium and strontium isotope ratios of terrigenous detritus (Cole et al., 2009), the stable oxygen isotope values of benthic
and planktonic foraminifera (Matsuzaki et al., 2011) and the dust
event dynamics over the Holocene (Hanebuth and Henrich, 2009).
Yet very little work has focused on paleoclimatology and paleoecology of West African coastal ecosystems, especially of the Banc d'Arguin.
Moreover, an important issue in using sediment cores is the temporal
resolution of such archives, generally coarser than decades. An alternative is the use of coastal biogenic archives that provide higherresolution records of environmental conditions throughout their life.
Such works rely on the fact that chemical, physical and biological
processes occurring in the environment surrounding calcareous skeleton organisms can result in a footprint in their growing hard parts.
Sclerosponges (Rosenheim et al., 2004), corals (Grottoli and Eakin,
2007) and foraminifera (King and Howard, 2005) have been more
widely used as coastal environmental archives (Jones et al., 2009)
than bivalve mollusk shells. Yet the latter seem to be as reliable and
often more precise (higher temporal resolution) archives. Unlike
corals and sclerosponges, bivalves are spread all around the world,
in both freshwater and ocean ecosystems, from the intertidal zone
to the abyss. In addition, many species have a fast growth rate that allows high-resolution, but short-term environmental reconstruction,
such as Pecten maximus (Chauvaud et al., 2005), Mesodesma donacium
(Carré et al., 2005a), Mytilus edulis (Gillikin et al., 2006), Chione cortezi
(Goodwin et al., 2001), or Hippopus hippopus (Aubert et al., 2009). On
the other hand, some species are very long-lived with low growth
rates, thus providing several centuries of back-monitoring, with an
annual-to-subannual resolution, like Arctica islandica (Schöne et al.,
2005b) or Glycymeris glycymeris (Royer et al., in press). Finally, as
bivalve shell grows by periodic accretion of calcium carbonate crystals resulting in the formation of microgrowth lines and increments,
it is possible through sclerochronological analyses to assign an accurate date of formation to each microgrowth line. All these reasons
make bivalve shells valuable paleoenvironmental archives in coastal
ecosystems.
An increasing number of studies aiming at describing paleoenvironments used geochemical tracers as proxies for a variety of environmental parameters. For instance, oxygen isotope composition of
shell carbonate has been widely used to assess seawater temperature
(Schöne et al., 2005a) river discharge (Dettman et al., 2004), or climatic
oscillations (Carré et al., 2005b). Elemental ratios in shells are also
increasingly used as proxies for paleoproductivity (e.g. Ba:Ca and Mo:
Ca; Thébault et al., 2009), seawater temperature (e.g. Sr:Ca and Mg:
Ca; Henderson, 2002; Takesue and van Geen, 2004), etc.
The West-African bloody cockle, Senilia (=Anadara) senilis
(Linnaeus 1758), is a common Arcidae bivalve mollusk on the Banc
d'Arguin. It lives buried in silty sand of coastal lagoons and channels,
from Western Sahara to Angola. This species has been heavily
harvested in the past 5000 years, and shell middens are abundant
over the Banc d'Arguin, in particular at Iwik (Barusseau et al., 2007).
Moreover, S. senilis is known to live up to 30 years (Wolff et al.,
1987). Therefore this species represents an interesting potential for
paleoenvironmental reconstruction. Although this species now
accounts for more than 50% of the intertidal benthic macrofaunal biomass of the Banc d'Arguin (Wolff et al., 1993a), it has been relatively
under-investigated. Some studies on S. senilis dealt with its distribution and life-history traits (Debenay et al., 1994; Wolff et al., 1987),
reproduction (Yankson, 1982), tolerance to changing salinities
(Djangmah et al., 1979) and mercury concentration in soft tissues
(Joiris et al., 1998). Its shell structure is composed of aragonite crystals trapped within an organic matrix accounting for less than 2% of
the total shell weight (Lécuyer, 1996). Shell growth of this species
was investigated by Wolff et al. (1987) and Debenay et al. (1994)
who concluded that age could be assessed from winter growth lines
in the shell. Microscopic observations by Debenay et al. (1994)
showed series of increments separated by thick and thin lines

alternately. However they were not able to ascertain a microgrowth
periodicity. More recently, Azzoug et al. (2012) highlighted fortnightly growth patterns in shells from the Saloum Delta (Senegal), that
were used for reconstructing the duration of the West African
Monsoon in combination with oxygen isotope analyses of the shells.
Here, we ﬁrst described the growth and microgrowth patterns
within S. senilis shells collected off Iwik, in the southern part of the
Banc d'Arguin. Then, we investigated the potential of oxygen isotope
composition of shell aragonite as a high-resolution proxy for seawater temperature in this ecosystem away from freshwater inputs.
Finally, elemental ratios (Ba:Ca and U:Ca) have been analyzed through
shell ontogeny in order to track ecological processes impacting this
remote ecosystem.
2. Material and methods
2.1. Study area
The study site is located near the coastal village of Iwik (19°52.42′
N, 16°18.50′W), in the southern part of the Banc d'Arguin (Fig. 1).
This ecosystem is characterized by tidal ﬂats extending over
491 km 2, of which 85% are covered by seagrass beds (main species:
Zostera noltii; Wolff and Smit, 1990). The Banc d'Arguin does not receive freshwater inputs except rare rainfall from July to October
(b50 mm.y −1; Brahim, 2004). This results in an average salinity of
38, with values over 50 in some areas where strong evaporation
occurs (Wolff et al., 1993b) near Iwik. A salinity cycle has been described to be following the yearly cycle of sunshine but only in the
whole Banc d'Arguin (Dedah, 1993), with monthly average values
close to 38 between April and July and around 39.5 from September
to January. Wolff and Smit (1990) made observations of 40.2 in
April and between 42 and 42.7 in September on the same location
near Iwik. Monthly average seawater temperature varies between
20 in winter and 30 in summer (Wolff et al., 1993a). An inshore–offshore temperature gradient is observed with values reaching 35 close
to the coast (Wolff and Smit, 1990). Tidal range does not exceed 2 m
and the regime is semi-diurnal with diurnal inequality (two high
tides and two low tides every lunar day, one being signiﬁcantly
higher than the other one). Given that the average water depth is
2 m over most of the Banc d'Arguin, more than 400 km 2 can emerge
during spring tides. The inﬂuence of the North-West African upwelling is generally stronger from February to June and from October to
December. These cold and nutrient-enriched waters allow the development of a phytoplankton community spreading over the entire gulf
thanks to hydrodynamic conditions (Kuipers et al., 1993). Aeolian deposits are signiﬁcant in West Africa and are responsible for the transfer to ocean of some essential mineral components like nitrogen
(Giller et al., 1997; Hanebuth and Henrich, 2009). Wind strength is
rather high all over the year in the Banc d'Arguin but there is also a
yearly cycle in wind speeds (Dedah, 1993; Wolff and Smit, 1990)
with quiet weather window in winter period (October to January,
mean speed less than 7 m.s −1) and high intensity wind during spring
and early summer (April to July, more than 8 m.s −1). Finally, the
combined inﬂuence of the Western African upwelling and the
trade-winds from the Sahara desert are the two main factors of fertilization of the Banc d'Arguin ecosystem (Wolff et al., 1993b).
2.2. Environmental parameters
Seawater temperature was measured every 15 min from 26th
March 2007 to 29th October 2008 in the intertidal area off Iwik
Peninsula (location A on Fig. 1), with a Stow-Away TidbiT logger
installed at the sediment–water interface (i.e. exactly where the
bloody cockles live). No salinity measurements were carried out during this ﬁrst ﬁeld work. During a second expedition in February 2010,
discrete salinity measurements were performed off Iwik using a
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Fig. 1. Map of the study area (modiﬁed from (Clavier et al., 2011)) near Iwik (Banc d'Arguin, Mauritania). Letters stand for sampling locations of the three studied shells and of
seawater monitoring (A = #3009 and environmental monitoring, B = #3122, C = #3211).

YSI6920 multi-parameter probe. In addition, 9 seawater samples
were collected at different locations in the gulf and analyzed for salinity and oxygen isotope composition in order to draw the relationship
between these two variables. Three samples came from the Baie du
Lévrier, near Western Sahara, while the 6 other ones were collected
in the southernmost part, near the village of Iwik (Fig. 1). The oxygen
isotope composition of seawater samples was measured following the
CO2 equilibration standard procedure: 500 ml of sample were
balanced with 1000 μL of pure CO2 in a 12 mL bottle prelates ﬁlled
with helium. After 48 h of equilibration with stirring, 500 μL of balanced gas was injected in a continuous ﬂux isotope ratio mass spectrometer (Elemental Analyser Flash 1112 EA Thermo Finnigan
coupled by a Conﬂo III to a Thermo Delta V Plus isotope ratio mass
spectrometer), at Vrije Universiteit Brussel (Brussels, Belgium).
Results were expressed according to the conventional delta (δ) notation, reported in per mil, relative to the international VSMOW (Vienna
Standard Mean Ocean Water) standard. The analytical precision of
δ18Oseawater measurements was 0.1. Finally, the tide prediction software
WXtide32 was used to get information about the evolution of tidal
range over a lunar month cycle.
2.3. Shell sampling and preparation of samples
Several live specimens of Senilia senilis were marked in situ between October 2007 and April 2008 with the calcein ﬂuorochrome,
using the technique of van der Geest et al. (2011) adapted from
Thébault et al. (2006). This study focused on three of these shells
(#3009, #3122 and #3211; Table 1) living in coastal tidal ﬂats, downstream any channel (Fig. 1), in which environmental conditions are
very ﬂuctuating. After a period varying from 293 (#3009) to
586 days (#3211), specimens were retrieved, immediately killed,
and their soft parts discarded. The curvilinear distance between
umbo and ventral margin was measured before marking and after

the recapture. Shells were stored in the dark until analysis to prevent
any ﬂuorescence decrease. The right valve was mounted on a PVC
cube using a two-component epoxy resin, in order to hold the shell
in the low speed saw. Three adjacent 1.5-mm thick mirroring sections
(#1, #2 and #3) were cut along the axis of maximum growth in each
shell (Fig. 2). The middle section was dedicated to growth line reading
and the two surrounding ones to geochemical analyses. Cutting was
performed using a precision saw (Struers-Secotom 10) equipped with
a 600-μm thick diamond-coated blade (rotation speed: 300 rpm;
feed rate: 150 μm.s −1). Sections were ﬁnally mounted on glass slides,
ground down to 800 μm thick and polished with 3-μm calcined alumina
powder, before being rinsed with ultra-pure water and cleaned with
90% ethanol.

Table 1
Sampling characteristics and some morphometric parameters of the three shells of
Senilia senilis sampled on the Banc d'Arguin, Mauritania (#3009, #3122 and #3211).
The seabed coverage describes the presence or absence of Zostera noltii seagrass beds
on the sampling area (seagrasses/bare tidal ﬂat). Height corresponds to the
curvi-linear distance (in mm) between the umbo and the ventral margin.
Shell number

#3009

#3122

#3211

Site
Seabed coverage
Date stained (t0)
Date sampled (t1)
t1–t0 (days)
Height at t0 (mm)
Height at t1 (mm)
Growth in height (mm)
Number of microgrowth lines counted
Number of days without growth
(=slowdown)

A
Seagrasses
25/01/2008
13/11/2008
293
21.9
33.1
11.2
550
18

B
Bare ﬂat
23/10/2007
14/11/2008
388
36.2
47.5
11.3
608
84

C
Seagrasses
01/04/2007
07/11/2008
586
16.2
37.5
21.3
826
173
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Fig. 2. Preparation of Senilia senilis shell sections for sclerochronological and geochemical analyses. The axis of maximum growth is deﬁned as the maximum distance between
umbo and ventral margin (dashed line). Three mirroring sections were cut in the right valve using a precision saw. Section #1 was dedicated to elemental analysis, section #2
to growth line analysis and section #3 to stable isotope analysis.

2.4. Sclerochronological analysis
Cross-section #2 was ground down to 200 μm thick and then
observed under UV light (490 nm) in order to locate the calcein
mark. Shell slides were observed under an Olympus BX41 microscope, coupled to a CCD camera and equipped with an Osram 50-W
high-pressure Hg lamp and an I2/3 ﬁlter block (excitation ﬁlter
BP450-490, dichroic mirror RKP510 and emission ﬁlter LP515). Once
the calcein mark was identiﬁed, UV light was turned off and
high-resolution photographs were taken. A photo-stitching software
was used to assemble 30 to 70 photographs into a single, highresolution picture. Microgrowth lines were then counted from the
calcein mark (corresponding to the date of ﬁrst collection) to the ventral margin (ﬁnal catch). The number of microgrowth lines and the
number of days between the ﬁrst and ﬁnal capture were compared
in order to estimate the periodicity of microgrowth line formation.
In addition, all microgrowth lines and winter growth slowdowns
were counted between the umbo and the ventral margin in order to
estimate the length of each growing season and of each slowdown.
Finally, growth rate was determined by measuring microgrowth
increment width along the entire section, using the software TNPC
4.2 (French acronym standing for Numerical Treatment of Calciﬁed
Pieces, Noesis, France – www.tnpc.fr).

200 μm away from each other. They provided aragonite fractions of
ca. 100 μg. These samples were then acidiﬁed in 100% phosphoric
acid at 70 for 470 s and analyzed using an automated Finnigan MAT
Kiel III carbonate device coupled to a Finnigan MAT 252 isotope
ratio mass spectrometer at the Stanford University Stable Isotope
Laboratory. Shell isotopic ratios were reported in conventional delta
(δ) notation relative to the VPDB standard. Repeated analyses of the
international isotopic reference standard NBS-19 yielded reproducibility (1σ) of 0.05‰ VPDB.
In order to relate δ 18Oaragonite to environmental conditions, we
used a fractionation equation empirically determined for aragonitic
mollusks by Grossman and Ku (1986). In their equation, δ 18Oseawater
is reported as the SMOW value minus 0.20‰ in order to adjust
the carbonate and water δ 18O measurements to the different scales
on which they are measured (i.e. PDB and SMOW, respectively;
Dettman et al., 1999). However, the most recent evaluations indicate
that the PDB-derived CO2 is enriched by 0.27‰ with respect to the
CO2 equilibrated with SMOW at 25 °C (Gonﬁantini et al., 1995). Accounting for this correction, the equation of Grossman and Ku (1986)
translates to:



18
18
Tð˚CÞ ¼ 21:8−4:69  δ Oaragonite VPDB − δ Oseawater VSMOW −0:27
ð1Þ

2.5. Isotope analysis
Cross-section #3 was used for determination of the oxygen isotope composition of S. senilis shell. Aragonite fractions (n = 367)
were sampled using an automated high-resolution microsampling
device (MicroMill, New Wave Research) equipped with a 300 μm
tungsten carbide drill bit (model H71.104.003, Gebr. Brasseler
GmbH & Co. KG, Germany). Between 66 and 131 carbonate fractions
were collected from the outer layer, along the axis of maximum
growth, at a constant distance of 450 μm from the periostracum.
Drill holes were ca. 350 μm in diameter, 300 μm in depth, and were

Oxygen isotope-derived temperatures were then compared to
seawater temperature measured with the TidbiT logger from March
2007 to October 2008.
2.6. Trace element concentrations
Cross-section #1 was used for measurements of elemental
concentrations in shell aragonite. High-resolution sampling and analyses
were performed using LA-ICP-MS (laser ablation–inductively coupled
plasma-mass spectrometer) at the Pôle Spectrométrie Océan (Plouzané,
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(Fig. 4). The δ 18Oseawater–salinity relationship based on a least squares
regression equation (r 2 = 0.99, p b 0.001, F = 453.8, df = 7) was:

France). A high-resolution ICP-MS Thermo Electron Element2 was
coupled to a GeoLas Pro laser ablation system (Coherent Inc.) consisting
of a COMPexPro 102 Excimer Ar-F laser operating at 193 nm. Laser was
operated with a pulse energy of 15 J.cm−2, a repetition rate of 5 Hz,
and a spot diameter of 90 μm. Aragonite samples were ablated in the
outer shell layer of specimens #3009 and #3122, between the ventral
margin and the juvenile portions of the shells. During acquisition, signal
intensities were recorded for 138Ba, 238U, and 43Ca (among other elements not reported in this article).
The intensity of the isotope of interest was systematically normalized against the 43Ca signal (internal standard) in order to correct for
laser beam energy drift, focus variation at the sample surface and
ICP-MS detection drift. Elemental quantiﬁcation was carried out
using three external calibration standards measured at the beginning
and at the end of each analytical run: the glass reference material
NIST SRM 612 (National Institute of Standards and Technology,
USA; values from Pearce et al., 1997) and two basaltic standards
BIR-1G and BCR-2G (U.S. Geological Survey, USA; values from Gao
et al., 2002). Absolute Ba and U concentrations were ﬁnally converted
to molar ratios (Ba:Ca and U:Ca), considering that CaCO3 represented
98.4% of the shell matrix all along the shell (value measured in shells
of a closely related species, Anadara notabilis; Lécuyer, 1996).
Repeated measurements of NIST SRM 612 all along the analytical
runs (n=20) yielded a reproducibility of 5.75% for Ba:Ca and 5.78% for
U:Ca ratios, respectively (% RSD). Accuracy of Ba and U quantiﬁcation
was relatively good. Barium concentration was slightly underestimated
with a measured value in NIST SRM 612 of 32.71±0.42 μg.g−1 compared with the recommended value of 37.74±0.48 μg.g−1 (means±
standard errors). Conversely, U concentration was slightly overestimated with a measured value of 39.08±0.51 μg.g−1 compared
with the recommended value of 37.15±0.31 μg.g−1.

18

δ Oseawater VSMOW ¼ 0:2692ð0:0126Þ  Salinity−9:1949ð0:4903Þ
ð2Þ

3.2. Sclerochronology
Several annual growth lines were observed under a microscope in
cross-sections of S. senilis shells. By counting their number, the age of
each specimen was estimated between 3 and 6 years old (Table 2).
Shell microstructure analysis showed a succession of microgrowth
lines of different sizes and intensities. The pattern observed is composed of 1 thick line and 1 thin line separated by a shell increment.
A close examination of the succession of microgrowth lines and increments revealed an alternation between (i) clusters of several couples
of microgrowth lines (1 couple = 1 thick + 1 thin line), and (ii) clusters of faint thin lines (Fig. 6). When observed under UV light,
cross-sections of all shells clearly revealed an intense green calcein
mark (Fig. 5). As shells #3122 and #3211 were calcein-stained before
winter 2007–2008 (Table 1), a growth slowdown was observed
between the calcein mark and the ventral margin of the shell. This
resulted in microgrowth lines closely stacked together, making
counting of growth lines difﬁcult in these two slowdown areas.
Microgrowth study was therefore conducted (i) from the ventral
margin towards the slowdown area, and (ii) from the calcein mark
towards the slowdown area. To ensure accurate results, counting
was performed three times. The number of microgrowth lines
between the calcein mark and the ventral margin was found to be
always above and relatively close to twice the number of days of growth
between the staining experiment and the ﬁnal catch (Table 2): 550 lines
for 293 days in shell #3009 (ratio =1.9 lines.d−1), 608 lines for
388 days in shell #3122 (ratio= 1.6 lines.d −1), and 826 lines for
586 days in shell #3211 (ratio= 1.4 lines.d−1). The shell microstructure study thus strongly suggests that microgrowth line formation in
S. senilis is under the control of the 12.4-h (semi-diurnal) tidal cycle
observed off Iwik (see Section 4.1.1). In what follows, two pairs of
microgrowth increments and microgrowth lines, i.e. the time interval
between two prominent microgrowth lines, are referred to as lunar
daily growth increments (LDGI), i.e. circa-lunidian growth increments
(Schöne et al., 2003). Their duration equals roughly 12 h and 25 min.

3. Results
3.1. Environmental parameters
Seawater temperature displayed a clear seasonal cycle with a
maximum daily average of 29.5 °C in late August and a minimum
daily average of 15.9 °C in early January (Fig. 3). Discrete salinity
measurements performed in February 2010 indicated an average
value of 40.4 (range 39.7–41.9). These values were in line with the salinity range measured by Wolff and Smit (1990) on the same study
site (between 40.2 and 32.7). The water oxygen isotope composition
showed a linear co-variation with salinity over the range 36–41.5

32
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Fig. 3. Daily average seawater temperature (in °C) between 25 March 2007 and 30 October 2008 at Iwik station.
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δ18Oseawater = 0.2692 × Salinity - 9.1949
0.4
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18

Fig. 4. Relationship between δ Oseawater (expressed in ‰ VSMOW) and salinity at the 9
sampling locations in the Banc d'Arguin gulf (r2 = 0.985, p b 0.001).

Shell growth rate ranged between 6 and 311 μm per LDGI (Fig. 7).
Assuming that two microgrowth lines were formed each lunar day,
higher growth rates generally occurred in late summer, during
August and September. Winter growth slowdowns observed in shells
#3122 and #3211 after the calcein mark occurred at the end of
November 2007 (30/11/2007 and 23/11/2007 for shells #3122 and
#3211, respectively). Growth resumption happened on 23 February
2008 for shell #3122, but much later for shell #3211 (15 May 2008).
The overall length of the growing season appeared to decrease
through ontogeny for all shells, dropping from 289 to 270 lunar
days (LD) per year over 2 years for shell #3009, from 269 to 235
LD.y −1 over 5 years for shell #3122, and from 237 to 149 LD.y −1
over 3 years for shell #3211 (Table 2). A decrease of microgrowth increment width with age was also observed in all shells (Table 2). For
instance, the yearly average of shell #3211 LDGR dropped from 49 μm
per LDGI in 2006 to 34 mm per LD in 2008. Finally, it is worth noting
that shell #3122 (collected on bare tidal ﬂats) had the lowest growth
rates (range: 6–133 μm per LDGI; average: 37 μm per LDGI) while
shells #3009 and #3211 (collected on seagrass beds) had average
growth rates of 49 and 46 μm per LDGI, respectively, and maximum
rates of 311 to 235 μm per LDGI, respectively.
3.3. Isotope analysis and reconstruction of seawater temperature
The δ18O value of shell aragonite ranged from −0.35 to
2.52‰ VPDB, with an average of 0.76‰ VPDB (Fig. 7). Time series of
δ18Oaragonite and lunar daily growth rate showed an inverse relationship,
δ18Oaragonite decreasing when the growth rate increased, and vice versa.
These δ 18Oaragonite values were converted into seawater temperatures
using Eq. (1) and an average δ18Oseawater value of 1.57‰ VSMOW (i.e.
an average salinity of 40; cf. Eq. (2)). Uncertainty of this temperature
Table 2
Number of lunar days of growth (LDOG) and lunar daily growth rate (LDGR), for each
growing season, of Senilia senilis shells.
Year

Shell number

#3009

#3122

#3211

2008

LDOG
LDGR (μm.LD−1)
LDOG
LDGR (μm.LD−1)
LDOG
LDGR (μm.LD−1)
LDOG
LDGR (μm.LD−1)
LDOG
LDGR (μm.LD−1)
Average LDGR (μm.LD−1)
Maximum LDGR (μm.LD−1)
Minimum LDGR (μm.LD−1)

270
34
289
52
–
–
–
–
–
–
49
311
6

235
32
155
24
197
33
232
36
269
44
37
133
6

149
34
244
48
237
49
–
–
–
–
46
235
8

2007
2006
2005
2004
All years
All years
All years

Fig. 5. Photograph of a cross-section of S. senilis shell (#3122) observed under UV light
(490 nm), highlighting an intense green calcein mark.

reconstruction was assessed by using δ 18Oseawater values of 1.03 and
2.11‰ VSMOW in Eq. (1) (corresponding to the lowest and highest salinities measured off Iwik, i.e. 38 and 42, respectively). We calculated
that the use of this average δ 18Oseawater value of 1.57‰ VSMOW
corresponded to a maximum error of 2.5 °C in the temperature reconstruction. Seawater temperatures reconstructed from Eq. (1) and
δ18Oseawater of shell #3009 were in very good compliance with those
measured off Iwik in 2008 (Fig. 8A). All in situ variations of seawater
temperature were encompassed within the upper and lower boundaries of the temperature reconstruction, except one value in February
2008 (grey area on Fig. 8A). The least squares regression between measured and estimated temperatures was strong and highly signiﬁcant
(r 2 = 0.83, p b 0.001, F = 239.7, d.f. = 49). The mean absolute error
(MAE) indicated that the quality of the temperature prediction was
0.8 °C for shell #3009. Temperature reconstruction over the period
2007–2008 was also calculated from δ 18Oaragonite of the three shells
and an average salinity of 40 (Fig. 8B). Estimated temperature ranged
from 16.0 °C (shell #3009) to 29.6 °C (shell #3122), and showed a relatively low inter-individual variability. Least squares regressions between measured and estimated temperatures were highly signiﬁcant
(p b 0.001) with r 2 of 0.65 (F = 46.86, df= 25) and 0.51 (F = 36.61,
df= 35) for shells #3122 and #3211, respectively. MAE indicated that
the accuracy of the temperature prediction was 1.4 °C for shell #3122
and 1.5 °C for shell #3211.
3.4. Trace elements analysis
Given the diameter of Laser holes (90 μm), each aragonite sample
represented 4–7 days of shell growth. Ba:Ca ratio varied from 0 to
5.4 μmol.mol −1 and from 0 to 8.2 μmol.mol −1 in shells #3009 and
#3122, respectively (Fig. 9A). Sharp increases in Ba:Ca ratio, hereafter
referred as Ba:Ca peaks, were observed in both shells at the end of
summer and early fall. Inter-individual reproducibility was high
between these two shells. This was highlighted by the synchronism
between main Ba:Ca peaks in both shells during fall 2007 and 2008.
An ontogenic trend can also be noticed in Ba:Ca signal as peaks intensity is more important in recent years of growth. U:Ca ratio varied
between 0 and 0.4 μmol.mol −1 and between 0 and 0.2 μmol.mol −1
in shells #3009 and #3122, respectively (Fig. 9B). U:Ca peaks were
mostly observed in spring. U:Ca signal appeared signiﬁcantly higher
in early ontogeny compared to more recent shell portions. In 2008,
neither signiﬁcant seasonal variations nor U:Ca peaks were identiﬁed,
a pattern contrasting with the two large Ba:Ca peaks observed in both
shells for the same year.
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Fig. 6. Microstructures of shell #3009 observed under a transmitted-light microscope. Several couples of microgrowth lines, made of one thin and one thick line, alternate with
clusters of faint thin lines. These couples of lines can be aligned on the semi-diurnal tidal cycle off Iwik.

4. Discussion
4.1. Sclerochronology
4.1.1. Periodicity of microgrowth line formation
The shell microstructure study strongly suggested that microgrowth
line formation in S. senilis was under the control of the 12.4-h
(semi-diurnal) tidal cycle observed off Iwik. Indeed, the ratio between
(i) the number of newly-formed microgrowth lines between the calcein
mark and the ventral margin and (ii) the number of days of growth after
this staining experiment, ranged between 1.4 and 1.9 lines.d−1. Too
many microgrowth lines were counted to support the hypothesis of a
daily periodicity, observed in several bivalve species. As shell carbonate
crystals are precipitated from seawater calcium ions, no calciﬁcation
can occur at low tide (Lutz and Rhoads, 1977). Consequently, one
microgrowth line (corresponding to a small cessation of shell growth)
was likely formed during low waters (i.e. 1.94 line per solar day). The
difference between the expected and the observed number of
microgrowth lines par solar day was likely related to winter shell
growth rate reductions. As already observed by Debenay et al. (1994),
a large decrease in S. senilis shell growth rate occurs in winter and
ends by the deposition of a broad annual growth band where
microgrowth lines are closely stacked together and therefore impossible to individualize.
This assumption of a tidal control of microgrowth pattern formation was also supported by changes in the thickness of successive
microgrowth lines. Numerous clusters of lines were observed where a
thin faint microgrowth line succeeded to a thick bright one (Fig. 6).
Such an alternation strongly called forth the diurnal inequality of the
tidal cycle in Iwik, which results in differing intensities of the ﬁrst and
second high tides during a lunar day. A reasonable assumption is that
a faint microgrowth line was formed after the higher high tide (i.e. it
took longer for the shell to be emerged), whereas the thick bright one
was the result of a longer emersion after the lower high tide.

A ﬁnal argument supporting our hypothesis was the arrangement
of successive clusters of lines. Each cluster of 7–8 well-marked
couples of thin + thick microgrowth lines was followed by a cluster
of 7–8 fainter microgrowth lines (Fig. 6). Undoubtedly, such a fortnightly pattern reﬂected the tidal regime off Iwik where neap tides
(associated with clusters of faint thin lines) followed spring tides
(associated with bright thick lines). The same conclusion was reached
by Azzoug et al. (2012) in their study on Anadara senilis (=S. senilis)
shells from the Saloum Delta (Senegal), and by Richardson (1987) on
another Arcidae species, the Malaysian cockle Anadara granosa.
4.1.2. Growth rate
The highest growth rates were recorded in summer, with values
over 300 μm per LDGI for shell #3009. Such high growth rates may
be related to elevated seawater temperatures in July–September
(up to 30 °C) that improve metabolism and then increase shell aragonite precipitation. An interesting pattern was that the only specimen
living on a bare tidal ﬂat (shell #3122) had the lowest shell growth
rates (maximum values of 133 μm per LDGI) in comparison with
the two shells harvested on seagrass beds (shells #3009 and
#3211). Obviously, this observation was based on a single specimen
and may therefore be irrelevant. For a suspension feeder, growing
under a dense seagrass cover might not be the better place to ﬁltrate
food particles. Living on bare ﬂats should provide more “fresh” food
due to highest current speed since particle degradation is more important in steady water of seagrass meadows (Honkoop et al.,
2008). Nevertheless, higher shell growth rates on seagrass beds
might be explained by more important food quantities available for
suspension-feeders as seagrass coverage acting like a sink for tiny
particles (Honkoop et al., 2008). Moreover, seagrass may offer a safe
refuge against predators such as the oyster-catcher Haematopus
ostralegus, known as the ﬁrst cause of mortality for S. senilis on the
Banc d'Arguin and that mostly feeds on bare ﬂats where preys are
more easily caught (Wolff and Montserrat, 2005). Finally, living
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indicated seasonal changes in marine water intrusions, evaporation
and freshwater inputs, reﬂecting the differing monsoon regimes. Our
study site is, however, very different from the Saloum estuary (Senegal)
as it does not receive any freshwater input (Wolff et al., 1993b). The
Saloum estuary lies at the northern limit of the Intertropical Convergence Zone (ITCZ, a low air pressure area separating subtropical high
pressure zones of the north and south Atlantic) while the Banc d'Arguin
is far from its inﬂuence area. This suggests that S. senilis shells could be
archives of either temperature or salinity depending on the study site
(i.e. the distance to the ITCZ).
High temperatures encountered at this latitude lead to high evaporation, especially in the shallow waters of the Banc d'Arguin. Dramatic salinity changes can thus be observed with values varying
from 38 to 50 in some parts of coastal channel (Wolff et al., 1993b).
This means that δ 18Oseawater is more positive in the summer and
more negative in the winter. However, the study site on which animals were sampled was not subjected to such a gradient as various
measurements made in this location ranged from 39.7 to 42.7
(Wolff and Smit, 1990). Annual variations are also thought to be a
minor factor of δ 18Oseawater variation since the yearly cycle variability
of salinity described in this area is restricted (Dedah, 1993). However,
for paleoclimate reconstructions, one should be aware that seasonal
cycle of salinity could have been different (i.e. stronger) in the past or
in other regions. Strong seasonal salinity variations (if encountered)
would underestimate the seasonal temperature range, and should be
considered.

δ

4.3. Trace elements as environmental proxies

Fig. 7. Time series of lunar daily growth rate (LDGR, gray line) and δ 18 O aragonite
(dotted black line).

under seagrass coverage likely reduces the risk of dessication, as
already observed for Modiolus americanus under Thalassia testudinum
beds (Peterson and Heck, 2001).
4.2. Shell geochemistry
4.2.1. Temperature reconstruction
Comparison of temperature (i) predicted with Eq. (1) from our
three individuals, and (ii) measured at Iwik station, showed that
S. senilis shells nicely recorded the seasonal temperature cycle from
2007 to 2008. However, some inter-individual variability was observed especially in July 2008. This might be explained by the different sampling sites of the three shells. Indeed, shell #3122 and #3211
were located away from the temperature logger while shell #3009
was close to it. The larger mean absolute error calculated from shell
#3122 and #3211 (1.4 and 1.5 vs. 0.8 °C) may also result from
lower sampling resolution as these individuals were older (time
averaging).
Azzoug et al. (2012) did not found a good agreement between
predicted and measured temperature and attributed this discrepancy
to seasonal changes in δ 18Oseawater. Therefore, δ 18Oaragonite mostly

Our investigation on trace element concentrations in S. senilis
shells was an exploratory study in which the main goal was to ﬁnd
potential proxies of environmental variables affecting the ecological
processes of the Banc d'Arguin. Ba:Ca and U:Ca along the axis of maximal shell growth showed singular patterns in comparison with the
other analyzed elements. Indeed, both time series in the two shells
#3009 and #3122 were characterized by a relatively ﬂat signal with
some recurrent peaks.
Ba:Ca background level was punctuated by sharp peaks, especially
during the last years of growth. Field and laboratory experiments on
Mytilus edulis showed that background Ba:Ca in shells was directly
caused by Ba:Ca levels in water (Gillikin et al., 2006). Without any
data pro or contra this ﬁnding, we cannot state about the determinism
of Ba:Ca background levels in S. senilis shells. Growth rate seems to
have an effect on barium concentration of bivalve shells (Carré et
al., 2006; Strasser et al., 2008). Ontogenic age has been shown to
have a negative impact on Mya arenaria (Strasser et al., 2008) but a
positive one in other bivalve species (Carré et al., 2006; Stecher et
al., 1996). Nothing is currently known regarding S. senilis, but our results seem to show a negative inﬂuence of ontogeny on barium incorporation into the shell. Indeed, if we do not take into account the
obvious concentration peaks, Ba:Ca proﬁles show higher values during the ﬁrst years of growth, both in shell #3009 and #3122. A clear
statement that growth rate is responsible for this pattern is impossible but a monitoring of trace element content in surrounding seawater would help in understanding the underlying process(es)
controlling Ba:Ca background level in the shell of this animal. With
regards to Ba:Ca peaks, they have often been linked to primary production, although this relationship was seldom straightforward
(Barats et al., 2008; Stecher et al., 1996; Van der Putten et al., 2000).
In their study on Ba:Ca in shells of the scallop Comptopallium radula,
Thébault et al. (2009) suggested that Ba:Ca peaks could be
interpreted as proxies for barite ingestion or barium-enriched phytoplankton cells during algae blooms. The large upwelling system off Cap
Blanc (Mauritania–Western Sahara boundary) is known to cause elevated primary production on the continental shelf (Kuipers et al., 1993;
Wolff et al., 1993b), we thus hypothesize that episodic Ba:Ca peaks
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Fig. 8. A: time series of seawater temperature measured off Iwik between December 2007 and October 2008 (grey line) and reconstructed from the modiﬁed equation of Grossman
and Ku (1986) using δ18Oaragonite values of shell #3009 and a salinity of 40 (dotted black line). Uncertainty of the temperature reconstruction is represented by the grey area, which
corresponds to salinities of 38 to 42. B: time series of seawater temperature measured off Iwik between March 2007 and October 2008 (grey dotted line) and reconstructed from the
modiﬁed equation of Grossman and Ku (1986) using a salinity of 40 and δ18Oaragonite values of shells #3009 (dotted black line), #3122 (dotted dark gray line) and #3211 (dotted
grey line).

observed in S. senilis shells may be inﬂuenced by the upwelling dynamics. Indeed, Kuipers et al. (1993) stated that during the upwelling seasons
the Banc d'Arguin receives substantial nutrient inputs from the ocean,
and that the resulting new production is not consumed by zooplankton
in the water column due to unfavorable conditions for grazers. Therefore, fertilizing effect of entering upwelling water, which results in development of phytoplankton cells (possibly barium-enriched), mainly
beneﬁt benthic suspension-feeders, especially mollusks. We cannot exclude that some diatom-associated barite could also explain some part
of the Ba:Ca variations in S. senilis shells. A recent study on Saharan dust
transported by trade winds from Africa to America highlighted that barium concentration in aerosols reached high levels, between 2.73 and
3.18 nmol.g−1 (Trapp et al., 2010). Such values are of the same order
of magnitude than the average concentration of barium in S. senilis
shells (8.9 nmol.g−1). Ba:Ca peaks may then be impacted by the incorporation of barium from terrigeneous origin, carried by winds from the
Sahara desert. Further experiments focusing on primary production
measurements, barium concentration analyses in water and aerosols
may help assessing the validity of our hypotheses and the respective
parts of aerosols and upwelling in Ba:Ca peaks in S. senilis shells.
Tatsumoto and Goldberg (1959) demonstrated that U:Ca ratio in
aragonite crystals was close to the U:Ca ratio in seawater from
which aragonite was precipitated. Therefore, U:Ca time series measured in S. senilis shells may give an insight into the U:Ca ratio in

the Banc d'Arguin waters. However, the background U:Ca level in
shells revealed an ontogenic trend with higher values in early ontogeny, a pattern already observed in Saxidomus giganteus shells (Gillikin
and Dehairs, in press). Considering that uranium availability decreases with depth into sediments (Barnes and Cochran, 1990), this
trend may be related to a progressive burying of the bivalve into the
sediment from early to late ontogeny. Two main hypotheses could
be put forward to explain the occurrence of U:Ca peaks. The ﬁrst
one is related to uranium geochemistry into the sediments. Incorporation of this element into carbonate skeletons requires uranium to
be in its oxidized state (Langmuir, 1978). Intrusion of oxygenenriched waters into the sediments could explain this switch from
reduced to oxidized state. Deep upwelling water ﬂow fueling the
Banc d'Arguin from February to June is poor in oxygen but an
oxygen-enriched water mass (the Canary Current) ﬂows from the
north along the African continent and enters the Banc d'Arguin in
its northern part (Kuipers et al., 1993). Therefore, U:Ca peaks in
S. senilis shells may be the consequence of reduced uranium oxidation
in sediment, caused by the arrival of the Canary Current within the
Banc d'Arguin. The second hypothesis is related to the transfer of
aerosols from Sahara to the Atlantic Ocean through the Sahara–
Sahel Dust corridor (Moreno et al., 2006). Several studies showed important concentrations of various elements, including uranium, in
dust carried from Eastern Sahara desert to the Western Atlantic
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Fig. 9. Time series of elemental ratios analyzed using LA-ICP-MS in S. senilis shells, expressed in μmol.mol−1, and LDGR (expressed in μm.LD−1). Left panels: Ba:Ca. Right panels: U:Ca. Upper parts: shell #3009. Lower parts: shell #3122.
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Ocean (Moreno et al., 2006; Trapp et al., 2010). Wolff and Smit (1990)
and Dedah (1993) used data from Nouadhibou airport to describe the
yearly cycle of eolian velocity in the Banc d'Arguin and shown that
average wind speed reaches a maximum in May–June (9 m.s−1) and
maximum velocities are recorded in April (19 m.s −1). Such an increase
in wind intensity could explain the sharp rises of U:Ca occurring in April
and June (Fig. 9). Therefore, aeolian inputs of uranium-enriched
Saharan dusts, enhanced by intensive uranium extraction in the desert
(Meierding, 2011), may induce U:Ca peaks in S. senilis shells. Still, as
Gillikin and Dehairs (in press) said in their conclusions, more work is
needed to understand U uptake in bivalve shells, regarding biological
and/or diagenetic effects.
5. Conclusions
We demonstrated that microgrowth line formation in S. senilis of
the Banc d'Arguin was under a tidal control. Furthermore, the oxygen
isotope composition of S. senilis shells appears as a relevant proxy of
seawater temperature in this ecosystem, thus conﬁrming pioneering
work by Debenay and Fontes (1994). Our exploratory study on
elemental concentrations in shells revealed peaks in Ba:Ca ratio but
further studies are needed to conﬁrm they may be used as a proxy
for primary production events or Saharan dust inputs on the Banc
d'Arguin, although these assumptions need to be conﬁrmed by further experiments. Finally, we hypothesized that the occurrence of
U:Ca peaks in shells may be either a proxy for the arrival of Canary
Current water north of the Banc d'Arguin, or a proxy for aerosol transfer from the Sahara to the Atlantic Ocean. Given the presence all along
the coast of Mauritania and Senegal of anthropogenic S. senilis shell
middens (Barusseau et al., 2010), geochemical investigations on
ancient S. senilis shells have a great potential for reconstructing past
climate and population movements over several thousands of years.
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